The increasing use of influenza virus neuraminidase (NA) inhibitors (NIs) necessitates the development of reliable methods for assessing the NI susceptibility of clinical isolates. We evaluated three NA inhibition assays against a panel of five clinical isolates each of influenza virus A/H1N1, A/H3N2, and B strains and four viruses with a defined resistance genotype (R292K, H274Y, R152K, and E119V). 
Influenza virus neuraminidase (NA) enzyme is important for the release of virions from the host cell surface and viral aggregates and may also be involved in ensuring that the virus is targeted to respiratory epithelial cells (6) . Viral NA has an active site that is highly conserved across all influenza virus A subtypes and influenza virus B strains (3, 19, 20) . Competitive inhibition of NA results in the inhibition of virus replication, and a new class of anti-influenza virus drugs that specifically inhibit viral NA have been developed (6, 20) . Since 1999, two NA inhibitors (NIs), inhaled zanamivir and oral oseltamivir, have been licensed for use in several parts of the world. An additional drug, BCX-1812 (RWJ-270201) (1) , is currently in phase III clinical trials, and further potential NIs are in preclinical development (10) .
A common concern with the use of all antiviral drugs is the development of drug-resistant virus strains and the potential for the transmission of these viruses. To date, relatively few viruses with altered susceptibility to NIs have been identified, as part of either preclinical or clinical development programs (2, 5, 7, 8, 9, 12, 16) . Several NA mutants with reduced susceptibility have been selected by using zanamivir in vitro (E119G/A/D and R292K), but only one virus strain (R152K) with altered susceptibility has been isolated from an immunocompromised human treated with zanamivir (5). Three virus variants with reduced susceptibility have been recovered from patients treated with oseltamivir (E119V, H274Y and, most commonly but still at a low incidence, R292K); not all of the NA mutations in these viruses were predicted from in vitro studies (9, 16) . In vitro selection experiments with BCX-1812 have also produced the R292K mutation (S. Bantia, S. Ananth, L. Horn, C. Parker, U. Gulati, Y. Babu, and G. Air, Antiviral Res. 46:A60, abstr. 82, 2000).
With the potential for the worldwide use of NIs for the management of influenza, public health and regulatory concerns have been raised regarding the clinical significance and epidemiological consequences of resistant virus strains emerg-ing in infected and treated populations. In order to respond to these concerns, an expert panel composed of scientists and clinicians representing academia and public health organizations as well as industry observers, termed the Neuraminidase Inhibitor Susceptibility Network (NISN), was established to oversee an international surveillance program (21) . Generation of data on global NI resistance requires robust, reproducible assays of drug susceptibility and an understanding of the specific technical problems that limit their usefulness.
For surveillance studies, cell culture-based assays to determine susceptibility (e.g., plaque reduction assay [PRA]) are desirable for initial screening because of their ability to detect a broad range of resistance phenotypes (15) . However, the interpretation of NI susceptibility in PRA or other cell-based assays is complicated by several factors unique to NI drugs (18) . Mutations in the hemagglutinin (HA) gene are selected frequently during in vitro passage in the presence of NIs and may be seen in conjunction with a mutation in the NA gene (12) . Mutations in HA are generally in or near the receptor binding site and result in reduced binding to cellular receptors. Such mutations could lead to reduced virus dependence on NA function for the release of progeny virions, thereby conferring resistance to NI in cell-based assays (11, 18) . However, reduced binding of HA may occur only for a specific subset of receptors. Receptors on MDCK cells, which are most often used for influenza virus growth inhibition assays, have both ␣2,3-and ␣2,6-linked terminal sialic acid residues, whereas human cells have only ␣2,6-linked sialic acids. Hence, a virus selected in humans and having decreased binding to ␣2,6-linked sugars may not exhibit reduced binding in MDCK cells and may show no reduced sensitivity to NI in a cell-based assay (5) . Furthermore, viruses with HA mutations conferring apparent reduced NI susceptibility in vitro generally show full susceptibility in vivo in relevant animal models (18) . Another limitation of the PRA is that NIs function by preventing the release of virus from infected cells, therefore producing smaller plaques. Although a reduction in plaque size or plaque number can be used to determine drug sensitivity, many clinical isolates do not form plaques well, so that this approach is not feasible (18) .
For a global surveillance program, there is a need to determine as accurately as possible the NI susceptibility of a large number of clinical isolates both before and after the introduction of NI drugs. Enzyme inhibition assays are not subject to any of the complications of receptor specificity (12) , and 96-well microtiter plate-based biochemical assays to determine enzyme inhibition have been used successfully to detect viruses with an NI drug resistance phenotype. At present, the substrate most widely used for detecting enzyme inhibition is the fluorogenic reagent 2Ј-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid (MUNANA), initially described by Potier et al. (14) . Several published fluorometric enzyme assays (FAs) are similar in principle and vary primarily in the substrate concentration used, 30 through 1,000 M, and whether titrated or empirical amounts of virus are used in the assay. ( Before screening large numbers of clinical isolates, it was essential to compare and validate the performance of different assays prior to choosing a single assay for the analysis of worldwide isolates. Because of the existence of both influenza typeor subtype-specific and drug-specific mutations, it was essential to select an assay that generated consistent results with each of the inhibitors. Consequently, we evaluated several candidate NI assays with two different substrates and both zanamivir and oseltamivir carboxylate (GS4071) against a panel of 15 globally representative, wild-type clinical isolates recovered during the influenza seasons of 1997 through 2000 as well as a panel of 4 NI-resistant viruses with a defined genotype. In addition, mixing experiments with viruses with a defined NI resistance genotype were also conducted to determine the ability of these assays to detect subpopulations of resistant variants. (9, 16) . All viruses were expanded in cell cultures to provide stocks of sufficient volume, frozen at Ն70°C, and stored for use in two FAs (FA-1 and FA-2) as well as the CL assay. All virus stocks were identified with a code such that different operators did not know the identities.
MATERIALS AND METHODS

Viruses
Virus stocks were expanded on MDCK cells with a maximum of three passages. MDCK cells were originally obtained from Alan Hay, Mill Hill, London, United Kingdom. All expansion cultures and experiments were carried out with phenol red-free Eagle minimum essential medium (EMEM) (Gibco, Grand Island, N.Y.) containing 10% fetal bovine serum (Summit Biotechnology, Fort Collins, Colo.), 1 mM L-glutamine, 1% HEPES, and 1% penicillin-streptomycin (all from Gibco). Infection media consisted of EMEM supplemented with 0.14% bovine serum albumin fraction V and 2.5 g of tosylsulfonyl phenylalanyl chloromethy ketone-trypsin/ml (both obtained from Worthington Biochemical Co., Lakewood, N.J.).
Compounds, reagents, and materials. Zanamivir was provided by Margaret Tisdale, and oseltamivir carboxylate (GS4071) was provided by Noel Roberts. Oseltamivir phosphate (GS4104) is the ethyl ester prodrug that is converted to the biologically active oseltamivir carboxylate in vivo (13) . MUNANA, 2-(Nmorpholino)ethanesulfonic acid (MES), CaCl 2 , dimethyl sulfoxide, NaOH, and sodium acetate were all purchased from Sigma Chemical Co., St. Louis, Mo. NA-STAR CL substrate and Light Emission Accelerator II (Sapphire II enhancer in 0.1 M diethanol amine [pH 10]) were obtained from Applied Biosystems/Tropix (Foster City, Calif.). Tissue culture flasks, 96-well microtiter plates, and microplate press-on adhesive sealing film were purchased from Costar, and black 96-well Optiplates, white 96-well Optiplates, and TopSeal-a 96-well microplate press-on adhesive sealing film were acquired from Packard (Meriden, Conn.).
NA assays. Three different NA enzyme inhibition assays were chosen for evaluation. The principle features of these methods are summarized in Table 1 .
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INFLUENZA VIRUS NA SUSCEPTIBILITY TESTINGFA-1. The unmodified assay described by Barnett et al. (2) (FA-1) requires the titration of input virus by making serial twofold dilutions and then graphically determining the virus and enzyme concentrations which fall in the linear part of the curve for the inhibition assay. A signal-to-noise ratio of Ն2 is considered optimal for use in the inhibition assay. Equal volumes of drug and the appropriate virus dilution were mixed and incubated for 30 min on black Optiplates ( Table 1 ). The final drug concentrations in the assay ranged from 0.0038 to 1,000 nM in serial 1:4 dilutions. The reaction was initiated by the addition of buffer (32.5 mM MES [pH 6.5], 4 mM CaCl 2 ) and substrate (100 M MUNANA). After 1 h of incubation (37°C with shaking), the reaction was stopped by the addition of 150 l of freshly prepared 0.14 M NaOH in 83% ethanol.
FA-2. Previously described modifications of the above assay (8; Covington et al., J. Clin. Virol. 18:253-254, abstr. P-326, 2000) were incorporated into FA-2. This assay uses a twofold higher substrate concentration and eliminates the initial titration of input virus required in FA-1 by use of a standardized 1:10 dilution of the original virus isolate cell culture supernatant in EMEM. The drug concentrations in this assay ranged from 0.01 to 10,000 nM in serial 10-fold dilutions. The reaction was initiated by the addition of buffer (32.5 mM MES [pH 6.5], 4 mM CaCl 2 ) and substrate (200 M MUNANA). After 2 h of incubation (37°C with shaking, although shaking is not necessary), the reaction was stopped by the addition of 100 l of freshly prepared 0.14 M NaOH in 83% ethanol. Once the reaction is initiated, this method requires a total incubation time of 2 h 45 min at 37°C.
Fluorometric determinations by both assays were quantified immediately with a Packard FluoroCount fluorometer. The excitation wavelength was 365 nm, and the emission wavelength was 450 nm.
CL assay. The method of Buxton et al. (4) requires the growth of cells and virus in phenol red-free media, since residual phenol red can interfere with the assay. The virus was initially titrated in twofold dilutions in 32.5 mM MES (pH 6.0)-4 mM CaCl 2 , and the dilution giving a signal-to-noise ratio of 40 was used. Final drug concentrations ranged from 0.028 to 550 nM in serial 1:3 dilutions. The appropriate viral NA dilution (40 l) was preincubated with 10 l of drug for 30 min at room temperature on white Optiplates. The reaction was started by the addition of 5 l of a 1:9 dilution of NA-STAR prepared in 32.5 mM MES (pH 6.0)-4 mM CaCl 2 . The final concentration of substrate used in the assay was 100 M. The reaction mixture was incubated at 37°C for 15 min with shaking. CL light emission was triggered by the addition of 55 l of Light Emission Accelerator II to each well. The half-life of the mixture is 5 min, so that rapid automation is required to optimize sensitivity. All assay results were immediately read with an Applied Biosystems (Foster City, Calif.) NORTHSTAR Luminometer.
Assessment of interassay variation. Four different operators performed these experiments. Each isolate was assayed by each operator at least three times and at different positions in the batch (i.e., beginning, middle, and end); each assay involved duplicate wells for each drug dilution. Repetitions within isolate and drug took place over two consecutive days.
Determination of lower limits of detection of resistant subpopulations.
To determine the lower limits of detection of the CL assay and FA-2, known NI-resistant mutants and corresponding parental wild-type virus were combined in various proportions (0, 20, 40, 60, 80, and 100% resistant viruses) based on NA activity determined prior to assay of the mixtures. All virus mixtures were identified with a code to "blind" the operators from the known virus combinations, and the unknown stocks were stored at ՅϪ70°C until assayed. Each mixture was assayed with each of the three methods and evaluated with duplicate wells by a single operator three times. 
The description of this enzyme kinetics model is as follows. This equation describes a simple hyperbolic inhibition curve with a zero baseline. x is the inhibitor concentration, y is the response being inhibited (for example, y could be the velocity of an enzymatic reaction), and V max is the limiting response as x approaches zero. As x increases without bound, y tends toward its lower limit, zero. K is the IC 50 for the inhibition curve, that is, y is 50% V max when x ϭ K.
Descriptive measures, such as the mean, standard deviation (SD), minimum, maximum, fold difference [(maximum Ϫ minimum)/minimum], and coefficient of variation (CV), were used to summarize the data. Graphic presentations of the raw data were used to identify possible sources of variability and to characterize any patterns in the data. No formal hypothesis testing was performed.
RESULTS
Assay performance. The observed IC 50 values for each drug were affected by assay type, influenza virus type or subtype, and drug tested. In general, no pattern was apparent with operator or date of assay for either NI (data not shown). Tables 2 and  3 summarize the descriptive statistics for repetitions performed with clinical isolates and the drugs zanamivir and oseltamivir carboxylate (GS4071), respectively, for the three different assays.
CL assay. For the CL assay, the ranges of IC 50 values across all repetitions and clinical isolates were 0.17 to 4.94 nM for zanamivir and 0.01 to 9.35 nM for oseltamivir carboxylate. Across repetitions for a particular isolate, the IC 50 values were consistent, and the SDs demonstrated low variability for each drug. With zanamivir, the fold differences between the minimum and maximum IC 50 values ranged from 0.5 to 1.4, 0.5 to (Table 3) . Similarly, the CVs for the isolates tested with zanamivir ranged from 12 to 152, and only two CVs, for A/H1N1 isolates 98010152 and 98027803, were greater than 100. The CVs for oseltamivir carboxylate ranged from 8 to 74, so that all of the CVs for the isolates tested fell below 100. In addition, the IC 50 values for each influenza type and subtype fell within a relatively narrow range in the CL assay. With zanamivir, the ranges of mean IC 50 values were 1.0 to 1.4, 0.3 to 0.9, and 1.6 to 2.1 nM for influenza virus B, A/H1N1, and A/H3N2 isolates, respectively ( Table 2 ). The corresponding values for oseltamivir carboxylate were 3.6 to 5.3, 0.4 to 0.5, and 0.3 to 0.5 nM, respectively (Table 3) .
FAs. In FA-1, the ranges of IC 50 values across all repetitions and clinical isolates were 0.39 to 43.80 nM for zanamivir and 0.07 to 36.20 nM for oseltamivir carboxylate. The results of this assay demonstrated considerable variability. With zanamivir, the fold differences between the minimum and maximum IC 50 values ranged from 28.3 to 52.6, 3.2 to 42.8, and 5.4 to 24.2 for individual influenza virus B, A/H1N1, and A/H3N2 isolates, respectively. With oseltamivir carboxylate, the corresponding fold differences ranged from 0.6 to 96.8, 3.0 to 31.4, and 2.2 to 14.7, respectively. Compared to the results of the CL assay, in which 2 of 15 viruses showed Ͼ10-fold differences between the minimum and maximum values on repeated testing with each drug (total of 4), 10 of 15 isolates tested with zanamivir and 6 of 15 isolates tested with oseltamivir carboxylate (total of 16) showed Ͼ10-fold differences (P value, 0.0022; two-sided Fisher's exact test). Similarly, the CVs for isolates tested with zanamivir ranged from 46 to 186, and 10 of 15 were greater than 100. With oseltamivir carboxylate, the CVs ranged from 14 to 147, and 5 of 15 were greater than 100.
In FA-2, the ranges of IC 50 values across all repetitions and isolates were 0.11 to 11.00 for zanamivir and 0.59 to 114.00 for oseltamivir carboxylate. The wide range observed with oseltamivir carboxylate was bimodal in distribution, such that the IC 50 values for influenza virus A/H1N1 and H3N2 isolates fell within 0.59 to 16.90 nM and those for the influenza virus B isolates were much higher, ranging from 41.00 to 114.00 nM. This assay showed variability that was intermediate between those of the CL and FA-1 methods. With zanamivir, the fold differences between the minimum and maximum IC 50 values ranged from 10.1 to 14.5, 3.6 to 14.1, and 7.4 to 60.2 for individual influenza virus B, A/H1N1, and A/H3N2 isolates, respectively. With oseltamivir carboxylate, the corresponding fold differences ranged from 0.5 to 1.5, 0.9 to 7.6, and 0.5 to 0.7, respectively. Nine of 15 isolates tested with zanamivir (P value, 0.021 [versus the CL assay]) and none of 15 isolates tested with oseltamivir carboxylate (P values, 0.209 [versus the CL assay] and 0.115 [versus FA-1]) showed Ͼ10-fold differences (total of nine). The CVs for isolates tested with zanamivir ranged from 52 to 79, and those for isolates tested with oseltamivir carboxylate ranged from 14 to 85, so that all CVs were below 100.
Effects of viruses and drugs. Wide variations on repeated testing (defined as Ͼ10-fold differences between the minimum and maximum IC 50 values) tended to be limited to particular virus, drug, and assay combinations. One influenza virus A/H1N1 isolate (98027803) showed increased variability across all three assays with zanamivir and two of three assays with oseltamivir carboxylate. With zanamivir, both FA-1 and FA-2 showed increased variability (Ͼ10-fold differences between the minimum and maximum values) for all influenza virus B isolates and the majority of influenza virus A/H3N2 isolates. With oseltamivir carboxylate, FA-1 and particularly FA-2 showed higher IC 50 values for influenza virus B isolates than did the CL assay. The ranges of mean oseltamivir carboxylate IC 50 values for the five influenza virus B isolates were 3.6 to 5.3 nM for the CL assay, 12.8 to 23.2 nM for FA-1, and 64.3 to 88.9 nM for FA-2 (Table 3) . Testing of prototype resistant variants. All three assays were able to detect clinical isolates with defined NA resistance mutations (Table 4) , although the magnitude of the changes in observed IC 50 values varied with the assay, the drug, and the particular NA. Each assay showed at least a 40-fold change in IC 50 values for at least one drug against each of the mutant NAs compared to the susceptible, parental NA. All three assays showed over 350-fold changes in IC 50 values for the A/Texas/36/91(H1N1) H274Y mutant, over 8,000-fold changes for the A/H3N2 R292K mutant, and over 40-fold changes for the A/H3N2 E119V mutant tested with oseltamivir carboxylate. In general, zanamivir retained inhibitory activity for each of these mutant NAs, although the two FAs showed more changes than did the CL assay for the A/H3N2 R292K mutant. In contrast, the influenza virus B isolates displayed the greatest variation in the pattern of inhibition, and the corresponding changes in IC 50 values varied substantially (Table 4 ). The greatest discrimination between parental and mutant NAs in IC 50 values was observed with zanamivir in FA-1 (148-fold) and, to a lesser extent, in FA-2 (44-fold) and with oseltamivir carboxylate (76-fold) in the CL assay.
Detection of resistant subpopulations. The mixing experiments were performed on the basis of relative NA activity and not infectious virus, so that the fractions of mixtures represented measurable NA signal input. Consequently, the number of resistant virions might have been relatively higher than that of the parental, drug-susceptible virus for a particular fraction. Figure 1 displays the results of the four experiments in which known NI-resistant mutants were mixed with associated parental wild-type viruses. Only the CL assay and FA-2 were studied, since our initial results showed that FA-1 was unlikely to be chosen for screening and resources were limited. Both assays showed marked shifts in inhibition when the susceptible parental virus was compared to 100% mutant virus (R292K, H274Y, and E119V) tested with oseltamivir carboxylate. Although initially recovered from a zanamivir-treated child, the influenza virus B R152K mutant demonstrated only about a 10-fold change with zanamivir in the CL assay ( Fig. 1 and Table 4 ) but a greater difference with oseltamivir carboxylate in the CL assay (Table 4) . Sigmoid curves were generated for all wild-type viruses by using both the CL assay and FA-2. Some resistant viruses (i.e., E119V and R152K) also produced sigmoid curves, whereas others (H274Y and R292K) did not do so within the concentration range of the NI tested. The CL assay was able to resolve each of the four different virus mixtures, while FA-2 could not do so when a lower mutant concentration was used in the E119V or R152K mixture.
Effects of substrate concentrations. Since substrate K m values vary by influenza virus NA type and subtype, as well as from isolate to isolate, the substrate concentration potentially has a direct effect on the sensitivity of the assay, as reflected by the observed IC 50 . We examined the effects of increasing the NA-STAR substrate concentration in assays with oseltamivir and zanamivir. Four mutant and wild-type isolate pairs were assayed a minimum of two times each at 100, 150, and 200 M final NA-STAR concentrations. The concentration of substrate used when testing the wild-type influenza viruses had little effect on the mean IC 50 values observed (data not shown). With oseltamivir, the IC 50 values for the mutants increased approximately 1.5-to 3-fold when the concentration of substrate was increased from 100 to 200 M. No important differences were observed with zanamivir across this concentration range (data not shown).
DISCUSSION
The purpose of these studies was to select an appropriate assay for high-throughput screening of clinical isolates of influenza virus in order to determine baseline susceptibility patterns and evaluate the possible emergence of NI-resistant isolates after the introduction of NI drugs into clinical practice. Since there are virus type, subtype, and drug-specific mutations, it is essential for the assay to be reproducible with N1, N2, and B NAs and the two drugs now in clinical use. We concluded that the assay that provided the most consistent results with both zanamivir and oseltamivir carboxylate and that was the easiest to use for testing large numbers of isolates was the CL assay. Consequently, it has been chosen for use by the NISN (21) . The CL assay demonstrated generally consistent IC 50 values with low variability across repetitions for both NI drugs. A CV of greater than 100 is an arbitrary value used to denote instances where the SD is greater than the mean, a situation which may identify possible concerns regarding assay variability. With this criterion, only 2 of the 30 CVs across isolates, both for influenza virus A/H1N1 isolates tested with zanamivir, were greater than 100, a finding indicating that the inter-and intra-assay variabilities were low. Furthermore, all IC 50 values fell within a narrow range, and the observed mean IC 50 values were consistent among isolates of an influenza type or subtype. This background pattern of low variability should enhance the detection of possible resistant variants; the results obtained from testing of clinical isolates with defined resistance mutations confirmed this conclusion.
On average, higher IC 50 values and ranges were obtained with FA-1 than with the CL assay. For almost every isolate, FA-1 yielded higher mean IC 50 values than did the CL assay. This pattern was also reflected in greater variability and CVs for FA-1. When one considers the combined results with both drugs, fully one-half of the CVs were greater than 100 in FA-1, an observation which raises concerns about its variability. Consequently, the acceptability of this assay is dependent upon the user's awareness of the greater variability and of the necessity for incorporating appropriate control viruses with NAs having defined susceptibilities.
In FA-2, three factors, day of assay, drug type, and virus subtype, influenced the results of repetitions. With zanamivir, the IC 50 values for all isolates were closer in magnitude to those obtained with the CL assay than to those obtained with FA-1. FA-2 showed excellent reproducibility with oseltamivir carboxylate but significantly greater variability with zanamivir than did the CL assay, such that nearly two-thirds of the clinical isolates showed Ͼ10-fold differences between the minimum and maximum IC 50 values (Table 2 ). In addition, there was variability across days for the testing of isolates with zanamivir, such that the second day of experimentation yielded higher values on average than did the first day (data not shown). For oseltamivir carboxylate, the IC 50 values for influenza virus A/H1N1 and H3N2 isolates were consistent across repetitions, with low variability in a range similar to that for the CL assay. However, although variability was low for the influenza virus B isolates, the mean IC 50 values were 15-to 20-fold higher than those observed with the CL assay and 2-to 4-fold higher than those observed with FA-1. The reasons for these differences are likely related to differences in the interactions of the substrates and oseltamivir around the active enzyme site of influenza virus B isolates (20) . While the possible clinical significance of such differences are unclear, high baseline IC 50 values in FA-2 could make the detection of a resistant influenza virus B variant difficult. These results suggest that further optimization and validation would need to be performed before this assay could be used widely for clinical isolates with zanamivir and for influenza virus B isolates with oseltamivir carboxylate. It is important for any assay used to detect antiviral resistance to be able to consistently detect populations of isolates exhibiting relatively low levels of resistance (i.e., isolates with IC 50 values near the cutoff) or the existence of a predominant resistant subpopulation. All three assays were able to detect clinical isolates with defined resistance mutations, as long as both drugs were included in the screen (Table 4) . Our mixing experiments focused on NA activity rather than on the amount of NA, since variant NAs often show reduced enzyme activity or stability. Although a log transformation is commonly used for IC 50 data, it was not used for the graphic presentations, as this method may mask important sources of variability. Attention must be paid to curve shape as well as to the derived IC 50 value, especially with regard to complete inhibition (i.e., return to baseline) at the highest inhibitor concentration, so that mixed populations can be detected. For example, the inhibition curves resulting from mixtures involving the R292K and H274Y mutants did not return to zero (Fig. 1) , whereas the inhibition curves resulting from mixtures involving the R152K and E119V mutants did (Fig. 1) . It is noteworthy that the shape of the inhibition curves does not appear to be assay dependent but instead is dependent on the mutation present in the active enzyme site.
In these studies, we used low-passage clinical isolates to make their context as relevant as possible. Of note, NA enzyme activities in clinical specimens are generally inadequate for direct susceptibility testing, and isolates need to be expanded in cell cultures to provide enzyme activity levels within the quantification range for all three assays that we tested. One limitation of this approach is that viruses with mutant NAs may have compromised replication in cell cultures and thus may be more difficult to detect after passage. However, although recognized variants with NA mutations show reduced enzyme activity or stability (8, 9, 12, 17, 18) , most grow as well as their drug-susceptible parent in MDCK cells, making detection in a mixed population even more challenging.
Each of the three assays accurately measured IC 50 values within virus type or subtype and drug type. All could be acceptably performed within reasonably well-designed influenza virus reference or research laboratories (Table 1) . A wide selection of instrumentation is available for CL and fluorometric assays at greatly different costs. Because the CL substrate is a flash emitter with a half-life of 5 min, optimal instrumentation for the CL assay includes a Luminometer with injectors and fast read times (i.e., 1 min/96-well assay plate); otherwise, signal intensity will be significantly decreased. Instrumentation may be a limitation to the use of the CL assay due to its expense, although instruments less expensive than the Luminometer used in this study are available. Such instrumentation, however, is not an absolute requirement, as improved technical competence can overcome some time constraints.
The primary expenses of the assays are incurred in labor and the cost of substrates, MUNANA for FA-1 and FA-2 and NA-STAR for the CL assay. The reagents for FA-2 are more expensive than are those for FA-1 due to the increased final substrate concentration used in the former assay, but this substrate cost is offset by the elimination of the viral titration step. FA-1 and the CL assay are approximately equal in cost on a per-sample basis. MUNANA is widely available through a number of suppliers worldwide, whereas NA-STAR is supplied at present by a single commercial source (Applied Biosystems/ Tropix, Foster City, Calif.). Ease of assay completion is essentially equivalent for all of the assays, each requiring a similar level of technical competence. Including the inoculum titration and incubation times, FA-1 requires a total performance time of 2 h 30 min, and the CL assay requires 1 h. FA-2 requires a total time of 2 h 45 min.
In conclusion, all three assays are suitable for quantifying the NA activity of influenza virus isolates and to detect resistant variants. FA-1 was more variable in these experiments but may be a reasonable choice for use given the acceptance of greater variability. Further optimization and validation of FA-2 are recommended prior to its use for testing of isolates with zanamivir and possibly influenza virus B isolates with oseltamivir carboxylate. The CL assay provided the most consistent results with the overall lowest variability. Based on these data, ease of automation, shorter assay time, and greater sensitivity, the NISN has selected the CL assay for future evaluation of the susceptibility of influenza virus isolates circulating globally.
